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Copper is an essential nutrient for plants, however, at enhanced 
concentrations in the root environment it may rapidly become
phytotoxic (Chapter 1). The toxic effects of Cu depend on the growth 
stage of the plant, duration of the exposure and the level of Cu 
accumulated. The typical Cu content in plants ranges from 0.08 to 
0.24 µmol g-1 dry weight, and Cu toxicity generally occurs when the 
leaf tissue content exceeds 0.4 µmol g-1 dry weight. Arable soils may 
contain high levels of Cu and/or other toxic metals as the 
consequence of intensive agricultural practice, the use of animal 
manure as organic fertilizers, and of Cu-containing fungicides. 
Enhanced Cu levels in crop plants might not only negatively affect 
plant growth and functioning, but might also enter the food chain. 
Sulfur is a macronutrient, essential for plant growth and its 
adaptation to the environment. Generally, sulfate taken up by the 
root is the primary sulfur source for plants.  Moreover, plants are also 
able to utilize foliarly absorbed sulfurous air pollutants (viz. SO2, H2S) 
as sulfur source. Distinct sulfate transporter proteins mediate the 
uptake, transport and sub-cellular distribution of sulfate. Their 
expression and activity are modulated by the sulfur status of the 
plant. The synthesis of sulfur-rich metabolites (viz. PCs, GSH) is 
generally accelerated upon Cu exposure and may be involved in Cu 
binding, implying a direct significance of sulfur metabolism in Cu 
detoxification. In this thesis the physiological basis of the 
phytotoxicity of Cu and significance of sulfur metabolism in its 
detoxification have been investigated in Chinese cabbage. 
Chapter 2 gives an overview of materials and methods used in this 
thesis. In all experiments Chinese cabbage (Brassica pekinensis
(Lour.) Rupr. cv. Kasumi F1 (Nickerson-Zwaan, Made, The 
Netherlands) was used. In all experiments plants were cultivated on 
nutrient solution.
In Chapter 3 the toxicity of enhanced Cu concentrations and its 
interference with the regulation of the uptake, distribution and 
metabolism of sulfate was studied. Exposure of Chinese cabbage to 
enhanced Cu2+ concentrations resulted in leaf chlorosis, a loss of 
photosynthetic capacity and lower biomass production at ≥ 5 µM. The 
decrease in pigment content was likely not the consequence of 
degradation, but due to a hindered chloroplast development upon Cu 
exposure. The Cu content of the root increased with the Cu2+
concentration, though only a minor proportion of it was transferred to 
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the shoot. Enhanced Cu2+ concentrations substantially affected the 
overall mineral nutrient composition at ≥ 5 µM Cu2+. A high Cu 
content in the root affected the uptake, distribution and metabolism 
of sulfate in Chinese cabbage. At ≥ 1 µM Cu2+ there was a strong 
increase in water-soluble non-protein thiol content in the root and to 
a lesser extent in the shoot, which could only partially be ascribed to 
a Cu-induced enhancement of the phytochelatins content. The activity 
of the sulfate transporters in the root was slightly enhanced at 2 and 
5 µM Cu2+, accompanied by an enhanced expression of the Group 1 
high affinity transporter Sultr1;2, and the Group 4 transporters 
Sultr4;1 and Sultr4;2. The expression of APS reductase was hardly 
affected in root and shoot at enhanced Cu2+ concentrations. The 
upregulation of the sulfate transporters was likely not only due to a
higher sulfur demand at higher Cu concentrations, but also the 
consequence of interference of Cu itself with the regulatory signal 
transduction pathway involved in the expression and activity of the 
sulfate transporters. 
In Chapter 4 the impact of UV radiation on Cu toxicity and its 
interaction with the regulation of the uptake and metabolism of 
sulfate was investigated. The negative effects of enhanced Cu2+
concentrations on biomass production and pigment content of Chinese 
cabbage were strongly increased in presence of UV. Chlorophyll a
fluorescence (Fv/Fm) was only decreased when leaf tissue started to 
become necrotic. The expression and activity of the high affinity 
sulfate transporter Sultr1;2 were enhanced at ≥ 2 µM in presence of 
UV, and at ≥ 5 µM Cu2+ in absence of UV. Furthermore, in the shoot, 
the expression of Sultr4;1 was upregulated at ≥ 5 µM Cu2+ in 
presence and absence of UV and the expression of Sultr4;2 was 
upregulated at 10 µM Cu2+ in presence of UV. The enhanced Cu 
toxicity in presence of UV was largely due to a UV-induced enhanced 
accumulation of Cu in both root and shoot.
In Chapter 5 the impact of enhanced Cu concentrations and sulfate 
deprivation on the uptake and metabolism of sulfate in Chinese 
cabbage was studied. Exposure of plants to 4 µM Cu2+ resulted in a 
reduced plant biomass production and an increased shoot to root ratio 
at both sulfate-sufficient and sulfate-deprived conditions. However, 
sulfate deprivation had a more rapid negative effect on plant biomass 
production than enhanced Cu2+ concentrations. The expression and 
activity of the sulfate transporters and the expression of APS 
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reductase in Chinese cabbage were rapidly up-regulated (already 
after 1 or 2 days) upon exposure to 4 μM Cu2+, sulfate deprivation 
and their combination. The impact of sulfate deprivation on the 
expression and activity of the sulfate transporters was hardly further 
affected by enhanced Cu2+ concentrations, which indicated that 
occurrence of sulfur deficiency symptoms upon sulfate deprivation 
more or less overruled the development of Cu toxicity.
In order to get more insight into the significance of the plant sulfur 
status in Cu toxicity, the interaction between pedospheric sulfate and 
atmospheric H2S nutrition, and enhanced Cu2+ concentrations was
studied in Chapter 6. There was a direct interaction between 
atmospheric and pedospheric sulfur nutrition in Chinese cabbage and 
H2S exposure resulted in a downregulation of sulfate uptake by the 
root. Exposure to H2S resulted in an increased thiol content in the 
shoot and to a lesser extent in the root.  The thiol content in the root 
was further increased upon a simultaneous exposure to H2S and 
enhanced Cu2+ concentrations. There was an upregulation of the 
sulfate uptake capacity at high Cu2+ concentrations (> 10 µM) in both 
absence and presence of H2S, though the H2S-induced partial 
downregulation of the sulfate uptake capacity occurred at all Cu2+
concentrations. The presumed signal transduction pathway involved in 
the regulation of the expression and activity of the sulfate 
transporters (APS reductase) appeared to be overruled at high Cu 
tissue levels. Upon sulfate deprivation, foliarly absorbed H2S could 
replace sulfate a sulfur source for growth, however, the toxicity of 
Cu2+ was quite similar to that observed in sulfate-sufficient plants, 
also in presence of H2S. Evidently, the plant sulfur status did not have 
any significance in Cu tolerance. 
From the research presented in this thesis it can be concluded 
(Chapter 7) that enhanced Cu2+ concentrations in the root 
environment are toxic for Chinese cabbage. The presence of UV 
strongly enhanced Cu toxicity. Enhanced Cu2+ concentrations may 
interfere with the regulation of the uptake and assimilation of sulfur in 
Chinese cabbage, but there was no direct relation between the plant 
sulfur status and Cu toxicity. It is generally presumed that sulfate 
itself or metabolic products of the sulfate assimilation, viz. thiols 
(glutathione), would act as signals in the regulation of the expression 
and activity of the sulfate transporters. From the present study it was 
evident that the presumed signal transduction pathway in regulation
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of expression and activity of the sulfate transporters and APS 
reductase (sulfate and thiols) were by-passed or overruled, if Chinese 
cabbage was exposed to enhanced Cu2+ in the root environment. It is 
suggested that undissociated H2S may function as an endogenous 
gaseous transmitter in the cross-talk between the sulfate reduction 
pathway in chloroplasts/plastids and the transcription of sulfate 
transporters/sulfate reducing enzymes in the nucleus. A Cu-induced 
decrease in subcellular H2S concentration might be responsible for the 
observed upregulation of the expression and activity of the sulfate 
transporters and the expression of APS reductase.
